Carumonam and BO-1166 (cis configuration) were inactivated by ,-lactamase of Morganella morganii more rapidly than were aztreonam and BO-1165 (trans configuration), as demonstrated by spectrophotometric analysis and microbiological assay. An active enzyme was recovered more rapidly from the inactivated enzyme-monobactam complex derived from the cis form of monobactams than from the complex derived from the trans form of monobactams. This result suggests that the configuration at the 3,4 position on the azetidinone ring of monobactams, together with the chemical structure of the side chains attached to the azetidinone ring, may play an important role in the stability of monobactams to the I8-lactamase of M. morganii.
Monobactam antibiotics have potent activity against gram-negative bacteria, including Pseudomonas aeruginosa. Previously we reported structure-activity relationships between the configuration of the 3,4 position on the azetidinone ring of monobactams and the stability of monobactams to 1-lactamases (6) .
In a previous study, both the cis and the trans forms of monobactams were measured routinely by a spectrophotometric assay and were found to be stable to cephalosporinases (3, 5) . The trans form of monobactams was, however, hydrolyzed by an oxyiminocephalosporin-hydrolyzing enzyme that possessed extended substrate profiles (7) . In recent years, strains of Morganella morganii that are resistant to carumonam were isolated from clinical specimens. We describe here the relationships between the hydrolysis of monobactams by ,B-lactamase from M. morganii resistant to monobactams and the chemical structure of monobactams.
MATERIALS AND METHODS
Antibiotics. Carumonam and aztreonam were supplied by Takeda Chemical (Osaka, Japan) and Eizai Pharmaceutical (Tokyo, Japan), respectively. BO-1165 and BO-1166 were synthesized in the laboratories of Banyu Pharmaceutical (Okazaki, Japan). The chemical structures of these monobactams are shown in Fig. 1 . The following antibiotics were used: ceftazidime (Glaxo Japan, Tokyo, Japan), cefotaxime (Hoechst Japan, Tokyo, Japan), ampicillin (Banyu), cefoxitin (Banyu), imipenem (Banyu), carbenicillin (Fujisawa Pharmaceutical, Osaka, Japan), cephaloridine (Shionogi and Co., Osaka, Japan), tetracycline hydrochloride (Sigma Chemical, St. Louis, Mo.), streptomycin sulfate (Sigma), and chloramphenicol (Sigma).
Strains. (6) .
Recovery of enzymatic activity after incubation of P-lactamase with monobactams. Recovery of enzymatic activity after incubation of P-lactamase from M. morganii GN16543 was measured as described by Bush et al. (1) . Four-tenths of a milliliter of 50 mM phosphate buffer solution (pH 7.0) containing 1 ,uM -lactamase and 1 to 64 puM monobactams was incubated at 25°C. At different time intervals, 10 pI of the mixture was withdrawn and added to 3 ml of 100 puM cephaloridine. Enzymatic activity was determined spectrophotometrically from the initial rate of hydrolysis of substrate (cephaloridine).
RESULTS
Susceptibilities to antibiotics and P-lactamase production levels. All the clinical strains of M. morganii tested were highly resistant to P-lactam antibiotics, including monobactams, cephalosporins, and penicillins, and were susceptible only to imipenem (Table 1) . Aztreonam and BO-1165 were more active against these clinical isolates of M. morganii than were carumonam and BO-1166. The MICs for the two non-,B-lactamase-producing mutants of monobactams were 250-to 2,000-fold lower than those for the parent strain (GN16543). The three revertants isolated from one of the susceptible mutants regained the initial parent-strain (GN16543) levels of susceptibility and P-lactamase production. Aztreonam and BO-1165 were also more active against all revertants, as with the parent strains, than were carumonam and BO-1166.
Hydrolysis of monobactams by I-lactamase of M. morganii. Over 86% of the remaining antibacterial activities of aztreonam and over 36% of those of BO-1165 were observed after the 18-h incubation period with the P-lactamase of M. morganii. However, carumonam and BO-1166 were completely inactivated by the same incubation time and an equal amount of enzyme (Table 2) .
In a spectrophotometric time scanning assay (Fig. 2) , the traces of the absorbance for carumonam and BO-1166 descended as soon as the reaction started, which indicates progressive hydrolysis of carumonam and BO-1166, whereas the traces of the absorbance for aztreonam and BO-1165 did not descend until approximately 500 min after the reaction started.
Recovery of enzymatic activity after incubation of jI-lacta- Fig. 3 . BO-1165 and BO-1166 were used as inhibitors of P-lactamase from M. morganii.
The enzymatic activity was recovered immediately after mixing P-lactamase with an equimolar concentration of BO-1166. Fifteen and 20 min were required to recover the initial enzymatic activity after mixing 3-lactamase with a 4-and 16-fold excess of BO-1166, respectively. However, 4 h was required to recover the initial enzymatic activity after mixing ,-lactamase with BO-1165 at a molar ratio of 0.5 to 2.0.
DISCUSSION
Monobactams are considered to be stable to 1-lactamase produced by various species of gram-negative bacteria, except Proteus vulgaris (4), Pseudomonas cepacia (2) , and Xanthomonas maltophilia (11), as assessed routinely by spectrophotometric assay (3, 5, 6) . It is an undisputed fact that the 1-lactamase produced by M. morganii is the main causes of its resistance to monobactams. The 3-lactamase of M. morganii, which is highly resistant to monobactams, is identical to that of M. morganii GN5407 (13) . But strain GN5407 is susceptible to monobactams, since 1-lactamase production can be induced. Some investigators have pointed out that constitutive production of ,-lactamase is responsible for the high resistance levels (12, 14) . In the present study, the microbiological assay and time scanning of the spectrophotometric assay provide evidence that monobactams are slowly hydrolyzed by the ,-lactamase of M. morganii and that the hydrolysis rate may be dependent on the (tight-binding stage), not via a noncovalent Michaelis complex, and that the tight-binding stage is affected by carboxyisobutoxyimino groups in the side chain at the 4 position of monobactams (1) . In cephem antibiotics, the 7-methoxy group contributes to the stability of the acyl-enzyme complex (8) . Recently, Oefner et al. reported the mechanism of hydrolysis of aztreonam by class C ,-lactamases by using crystallized ,-lactamase from Citrobacter freundii (9) . According to their explanation, the monobactam formed a hydrogen bond at four positions, an acyl-amino NH group, an acyl-amino carbonyl group, an azetidinone carbonyl group, and a sulfonate group, to fix a substrate at the optimal position in an active site for hydrolysis. As might be suspected from their findings, the change of configuration of the 3,4 position on the azetidinone ring may affect the rotation about the C-3-C-4 bond, leading to a change of location on monobactams of the active site of P-lactamase. However, articles dealing with the configuration of the azetidinone ring and the stability to ,B-lactamase are seldom found. Although the evidence provided here is not sufficient to lead to final conclusions, our results suggest that a tight-binding stage may be also affected by the configuration of the azetidinone ring, together with the chemical structure of the side chains.
